Introduction
Tuberculosis (TB), caused by Mycobacterium tuberculosis, is the leading cause of mortality worldwide, as indicated by the World Health Organization report. 1 Currently, there is a need for antitubercular (anti-TB) agents effective against the drug-resistant strains of M. tuberculosis. 2, 3 Synthesis of mycolic acid, which is a central constituent of the mycobacterial cell wall, is carried out by fatty acid synthase (FAS) systems, namely, FAS-I and -II. Inhibition of type II fatty acid biosynthesis (FAS-II) pathway is a promising strategy in devising novel anti-TB agents. 4, 5 The final reaction in the FAS-II pathway of M. tuberculosis is catalyzed by the enoyl-acyl carrier protein reductase (ENR), which mediates the nicotinamide adenine dinucleotide (reduced form)-dependent reduction of trans-2-enoyl-acyl carrier protein to acyl-acyl carrier protein, and this biosynthetic pathway is an excellent target for antimicrobial agents.
Triclosan (1), a diphenyl ether derivative (Figure 1 ), exhibits a minimum inhibitory concentration (MIC) value of 12.5 µg/mL against M. tuberculosis H37Rv. Triclosan is an inhibitor of mycobacterial ENR enzyme. 6 Unlike isoniazid, triclosan does not require prior activation to bind with ENR. 7 Several investigators have attempted to develop diphenyl ether-based anti-TB agents, which chemically resemble triclosan (1). [8] [9] [10] [11] [12] Triclosan has drawbacks including poor solubility 13 and suboptimal bioavailability.
synthesis of 1-(3-phenoxy-phenyl)-ethanone (2)
To the stirred solution of 3-hydroxy acetophenone (3 g, 22.02 mmol) in anhydrous dichloromethane (120 mL), activated molecular sieves (4 Å, 3 g), phenylboronic acid (4.02 g, 33.18 mmol), copper (II) acetate (7.98 g, 44.04 mmol), and anhydrous pyridine (3.48 g, 44.04 mmol, 3.51 mL) were added successively. The resulting suspension was stirred at 25°C-27°C. Progress of the reaction was monitored by TLC using hexane:ethyl acetate (9:1). After the completion of reaction (72 hours), the reaction mixture was diluted with dichloromethane (100 mL) and filtered under reduced pressure. The filtrate was washed with dilute hydrochloric acid (2 M, 75 mL), followed by water (75 mL), dried over anhydrous MgSO 4 , and evaporated under reduced pressure. The crude compound was purified by column chromatography over silica 100-200 mesh with hexane:ethyl acetate (9:1) as the mobile phase to obtain the target compound. general method for the synthesis of 3-(3-phenoxyphenyl)-1-aryl prop-2-en-1-one (3a-f)
To a solution of compound 2 (1 g, 4.711 mmol) and aryl acetophenones (4.711 mmol) in absolute alcohol (25 mL), ethanolic solution of KOH (0.527 g, 9.423 mmol) was added at 25°C-27°C. The reaction mixture was stirred at ambient temperature. Progress of the reaction was monitored by TLC using hexane:ethyl acetate (8:2) . After the completion of reaction (14 hours), the reaction mixture was poured into ice-cold water (100 mL) and the residue was extracted with ethyl acetate (3×50 mL). The combined organic layers were washed with water, brine, dried over anhydrous MgSO 4 , and evaporated under reduced pressure. The crude compound was purified by column chromatography over silica 100-200 mesh with hexane:ethyl acetate (8:2) as the mobile phase to obtain the target compound.
1-(3-Phenoxyphenyl)-3-phenylprop-2-en-1-one (3a)
Yield =1. general method for the synthesis of 4-oxo-4-(3-phenoxyphenyl)-2-arylbutanenitrile (4a-f)
Cyanohydrin acetone (2.32 mmol), tributyl methyl ammonium hydroxide (1.16 mmol), and K 2 CO 3 (2.32 mmol) were added successively to a solution of chalcone (3a-f, 1.16 mmol) in acetone (15 mL) and water (1 mL). The resulting reaction mixture was refluxed at 57°C-58°C for 14 hours. Progress of the reaction was monitored by TLC using hexane:ethyl acetate (8:2) as the mobile phase. After the completion of reaction (14 hours), the solvent was evaporated under reduced pressure. The residue was treated with ice-cold water and extracted with ethyl acetate (3×25 mL). The organic layers were pooled, washed with water, brine, dried over anhydrous MgSO 4 , and evaporated under reduced pressure. The crude compound was purified by column chromatography over silica 100-200 mesh with hexane:ethyl acetate (8:2) as the mobile phase to obtain the target compound. general method for the synthesis of 4-oxo-2-(3-phenoxyphenyl)-4-arylbutanamide (5a-f)
4-
To the solution of 4-oxo-4-(3-phenoxy-phenyl)-2-arylbutyronitrile (4a-f) (0.76 mmol) in DMSO (8 mL), anhydrous K 2 CO 3 (0.209 g, 1.52 mmol) was added. Hydrogen peroxide solution (28%, 1.52 mmol) was added drop wise at 5°C-10°C. The reaction mixture was stirred at 25°C-27°C. Progress of the reaction was monitored by TLC using hexane:ethyl acetate (8:2) as the mobile phase. After the completion of reaction (2 hours), the reaction mixture was poured into ice-cold water and the precipitate obtained was extracted with ethyl acetate (3×25 mL). The organic layers were separated, pooled, washed with water, brine, dried over anhydrous MgSO 4 , and evaporated under reduced pressure. The crude compound was purified by column chromatography over silica 100-200 mesh with hexane:ethyl acetate (5:5) as the mobile phase to obtain the target compound with good yield. synthesis of 1-(3-hydroxy-4-phenoxyphenyl)ethanone (7) To a solution of 1-(3-methoxy-4-phenoxyphenyl) ethanone (6) (4 g, 16.52 mmol) in anhydrous dichloromethane (60 mL) maintained at -78°C under nitrogen atmosphere, BBr 3 (1 M, 8.28 g, 33.04 mmol) was added. The reaction mixture was stirred for 2 hours at -78°C; then its temperature was allowed to increase up to 10°C and it was stirred continuously. Progress of the reaction was monitored by TLC using hexane:ethyl acetate (6:4). After the completion of reaction (6 hours), the reaction was quenched by pouring the reaction mixture into ice-cold aqueous sodium bicarbonate with continuous stirring. The organic layer was separated, washed with water, brine, dried over anhydrous MgSO 4 ; and evaporated under reduced pressure. The crude compound was purified by column chromatography over silica 100-200 mesh with hexane:ethyl acetate (6:4) as the mobile phase to obtain the target compound.
4-Oxo-4-(3-phenoxyphenyl)-2-phenylbutanamide (5a)
Yield 
general method for the synthesis of 1-(3-hydroxy-4-phenoxyaryl)ethanone (8a-c)
Compounds 8a-c were synthesized by following the method adopted for the synthesis of compounds 3a-f. 
1-(3-hydroxy-4-phenoxyphenyl)-3-phenylprop-2-en-1-one (8a)
Yield =1 g
1-(3-hydroxy-4-phenoxyphenyl)-3-p-tolylprop-2-en-1-one (8b)
Yield
general method for the synthesis of 4-(3-hydroxy-4-phenoxyphenyl)-4-oxo-2-aryl butanenitrile (9a-c)
Compounds 9a-c were synthesized by following the method adopted for synthesis of compounds 4a-f. general method for the synthesis of 4-(3-hydroxy-4-phenoxyphenyl)-4-oxo-2-aryl butanamide (10a-c)
4-(3-hydroxy-4-phenoxyphenyl)-4-oxo-2-phenyl butanenitrile (9a)
4-(3-hydroxy-4-phenoxyphenyl)-4-oxo-2-ptolylbutanenitrile (9b)
4-(3-hydroxy-4-phenoxyphenyl)-2-(4-methoxyphenyl)-4-oxobutanenitrile (9c)
Compounds 10a-c were synthesized by following the method adopted for synthesis of compounds 5a-f. 
4-(3-hydroxy-4-phenoxyphenyl)-4-oxo-2-phenylbutanamide (10a)
4-(3-hydroxy-4-phenoxyphenyl)-4-oxo-2-ptolylbutanamide (10b)
4-(3-hydroxy-4-phenoxyphenyl)-2-(4-methoxyphenyl)-4-oxobutanamide (10c)
Results and discussion
The detailed methodology for anti-TB screening, pKa determination, log P determination, cytotoxicity studies, and liver microsomal stability studies is given in Supplementary material.
Triclosan mimic novel diphenyl ether derivatives were designed ( Figure 1 ) with functional diversifications at the C-3 position of ring-A. With the intention of improving the hydrogen bond interactions at the catalytic sites of InhA enzyme and decreasing the lipophilicity of diphenyl ether moiety, hydrogen bond donors/acceptors were introduced in the substituted alkyl chain. Sivaraman et al 17 reported that the chloro substitutions in ring-B of triclosan (1) are involved in unfavorable steric interactions with the enzyme, and their deletion from the scaffold increases the affinity sevenfold. Hence, diphenyl ether derivatives were designed without chloro substitutions in ring-B. Removal of halogens also helps in decreasing the lipophilicity of the designed molecules.
Compounds 5a-f were prepared to probe the effect of presence of electron-withdrawing carbonyl group adjacent to ring-A of diphenyl ether ring (Figure 2 ). To begin with, 3-phenoxy acetophenone (2) was prepared through the Chan-Lam coupling reaction using Cu(OAc) 2 .
18 Chalcones (3a-f) ( Figure 2 ) were synthesized by reacting 3-phenoxy acetophenone (2) with different aryl aldehydes. 19 Primary amide functionality was incorporated at the β-carbon of the chalcones through base-catalyzed selective hydration of the hydrocyanated chalcones 20 in the presence of hydrogen peroxide to obtain the corresponding amides (5a-f). 21 Phenolic -OH of the A-ring of triclosan plays a crucial role in binding to the catalytic site of enoyl-acyl carrier protein reductase of M. tuberculosis. In addition to this, diphenyl ethers substituted with long alkyl chains at the C-4 position of ring-A have been reported to display better affinity than triclosan toward enoyl-acyl carrier protein reductase of M. tuberculosis. 6 However, the lipophilicity of the reported 
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Kar et al diphenyl ethers is high. Therefore, it was decided to synthesize diphenyl ether derivatives with hydrophilic substituents at the fourth position and -OH group at the C-2 position of ring-A (Figure 1 ). These changes were made to decrease the lipophilicity of the diphenyl ether derivatives. At the same time, it was ensured that the newly designed molecules achieved similar orientation and interactions as those of triclosan at the target binding site. Synthesis of compounds 10a-c is described in Figure 3 . Acetovanillone was condensed with phenyl boronic acid by Chan-Lam O-arylation reaction. 
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Diphenyl ether derivatives as anti-TB agents Compound 6 that was obtained was subjected to BBr 3 -assisted demethylation reaction as described by Gillmore et al 22 to obtain compound 7. Compounds 8a-c, 9a-c, and 10a-c were prepared by using the same chemistry shown in Figure 2 .
The synthesized diphenyl ether derivatives were screened in vitro for anti-TB activity against M. tuberculosis H37Rv strain using microplate Alamar Blue assay method. 23, 24 Known InhA inhibitors, triclosan and isoniazid, were used as standard drugs for comparison.
Compounds 5a-f were screened for their anti-TB potential to study the effect of the presence carbonyl group at the proximity of ring-A on the anti-TB activity. This series of compounds possessed very weak activity (MIC $50 µg/mL). This indicates that structural modifications at C-3 of ring-A in diphenyl ether are unfavorable for anti-TB activity. Potential toxicity of the synthesized diphenyl ether derivatives was evaluated on mammalian Vero cell lines and HepG2 cell lines using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
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Kar et al bromide assay technique. Data showed that compounds 5a-f are not cytotoxic against (half-maximal cytotoxicity concentration .300 µg/mL) against Vero and HepG2 cells (Table 1) . [25] [26] [27] Compounds 10a-c were screened for their anti-TB activity. Compound 10b showed MIC value of 12.5 µg/mL, which is equal to the MIC of triclosan. The Clog P and polar surface area of compound 10b (Table 1) showed that it is comparatively more polar than triclosan and obeys the Lipinski's rule for druglikeness. 28 All the compounds of this series possessed acceptable safety profile against Vero as well as HepG2 cells.
To understand the interaction of the proposed diphenyl ether derivatives with mycobacterial ENR, molecular docking study was conducted in Schrodinger-2010 29 using PDB 1P45 as the target protein. 30 The molecular docking study of compounds 5a-f showed that the amide group at β-carbon was oriented toward the pyrophosphate part of nicotinamide adenine dinucleotide (NAD) forming hydrogen bond with it. Although this series of compounds showed apparently good docking scores, their interactions with the pyrophosphate moiety of NAD proved unfavorable for anti-TB activity. Molecular docking study of compound 10b revealed that the prochiral carbonyl group was oriented opposite to the plane of NAD, and lost hydrogen bonding interactions with both 2′ OH of NAD and Tyr-158 (Figure 4) . However, the flexible amide group of 10b formed hydrogen bond with the carbonyl oxygen of nicotinamide of NAD. Compound 10c oriented in a different manner and displayed hydrogen bonding interaction with the pyrophosphate region of NAD. This hydrogen bonding interaction was noticed to be unfavorable for anti-TB activity. Although these three compounds lost hydrogen bonding interactions at the catalytic site of ENR, they displayed strong van der Waals interaction with NAD.
Although the most promising compound 10b did not possess the hydrogen bonding interaction pattern of triclosan, it fitted better inside the active site of the ENR to show superior docking score (Table 2) .
In-depth analysis of docking results and their correlation with the anti-TB activity of these series of compounds showed that docking orientations, van der Waals interactions, and hydrogen bonding interactions with NAD play a decisive role in improving the anti-TB activity.
In order to understand the effect of lipophilicity on anti-TB activity, experimental log P of the most promising compound 10b was determined by reverse-phase HPLC method 31, 32 and is shown in Table 3 . The log P obtained was compared with its calculated Clog P using ChemDraw Ultra-2008 software (Cambridge, MA, USA) ( Table 1) . Compound 10b demonstrated moderate log P and was within the limit of Lipinski's 28 suggested parameters for oral bioavailability. In-depth analysis of predicted Clog P of compounds indicated that there is no relationship between lipophilicity and the observed anti-TB activity.
pKa of the representative compound 10b was determined using the reverse-phase HPLC method (Table 3) . 33 Compound 10b was found to be weakly acidic (pKa =7.59). The weak acidity of the molecule may be due to the effect of the carbonyl group on the acidity of ionizable phenolic OH group at C-2 position of ring-A. pKa of compound 10b showed that it would have remained in the ionized form to a certain extent at pH 7.4 during the in vitro whole-cell assay (microplate Alamar Blue assay). Hence, insignificant penetration into the mycobacterial cell wall may be the sole reason for its moderate anti-TB activity.
The protein binding of compound 10b was evaluated by reverse-phase HPLC method using human serum albumin column (Table 3) . 34, 35 Compound 10b was observed to be highly susceptible to protein binding (90.5%), whereas plasma protein binding of triclosan is known to be even higher than compound 10b. 36 Human liver microsomal stability (%) of compound 10b was evaluated at different time points (15 minutes, 30 minutes, 1 hour, and 2 hours). 37, 38 After 2 hours of incubation, 50.68% of 10b was found to be intact (Table 4) .
Conclusion
A series of triclosan mimic diphenyl ether derivatives were prepared and evaluated for their anti-TB activity against M. tuberculosis H37Rv strain. The synthesized compounds were found to be less lipophilic than triclosan. Among the synthesized molecules, compound 10b had anti-TB activity equal to that of triclosan and was less lipophilic than triclosan. 10b had good microsomal stability and low cytotoxicity. Docking studies indicate that there is scope for further optimization of diphenyl ether derivatives in order to gain access to new lead molecules as anti-TB agents.
